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Abstract 
In this work we present an Emitter Wrap Through cell with Deep Grooved Base contact (EWT-DGB), designed for both 1-sun 
and concentrating applications. The proposed approach, which consists in a deep grooved hole array composed by holes of two 
alternating doping type, allows both a reduction of the cell series resistance and an increase in collection efficiency also by using 
relatively thick substrates with low lifetime. The measured experimental data including dark J-V characteristics, figures of merit 
(FOMs) under illumination and external quantum efficiency (EQE) are compared to the results of 3-D drift-diffusion TCAD 
numerical simulations. Moreover, the impact of the hole spacing and of process-dependent physical parameters (interface 
defects) on FOMs is investigated by means of simulations. 
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1. Introduction  
Practical Back-contact Back-junction (BC-BJ) solar cells achieve high conversion efficiency (above 24 % [1,2]) 
mainly thanks to the absence of front contact optical shading. BC-BJ schemes are also promising for high current 
solar cells such as concentrator photovoltaic (CPV) [3]. The strong dependency of the device performance on the 
charge carrier lifetime and wafer thickness limits the application of BC-BJ cells to high quality Floating Zone silicon 
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Fig. 1. (a) Scheme (not in scale) of the back cell surface of the EWT-DGB solar cell with the detail of simulation domain considered; (b) SEM 
image of a hole rim on the texturized front surface and c) SEM image of the back surface of the cell. 
with large charge carrier lifetime (hundreds to thousands of microseconds) or very thin substrates [3]. In this regard, 
the emitter wrap-through (EWT) cell concept was originally proposed as a technique to accomplish high efficiency 
and to overcome the limitations in terms of substrate requirements [4]. In such a scheme, all contacts are placed on 
the rear while the emitter is still located near the front surface. By extending the emitter to the walls of holes etched 
through the substrate the connection between the front surface active emitter and its contacts is provided. The main 
advantage of the EWT approach is the possibility to collect high current densities without the need of high bulk 
lifetimes substrates, thanks to the large coverage of electrically interconnected emitter areas. 
EWT solar cells have been treated in detail by the PV community. Improvements adopted in order to achieve 
high efficiency values were discussed in [5-8]. Moreover, Faika et al. [9] presented a fabrication approach adopting 
an Al-P-codiffusion, Harder et al. [10] proposed a laser-processed technique and Cho et al. [11] discussed high 
efficiency EWT solar cells featuring a non-uniform silicon-nitride passivation layer. In addition, the limiting aspects 
of the EWT concept have been deeply investigated in [12]. 
Regarding the numerical modeling of the EWT solar cells, Smith et al. [13] proposed an equivalent electrical 
circuit. 1-D and 2-D physics-based numerical simulations of EWT solar cells have been performed by several groups 
and implemented in different simulation tools [14-17]. Furthermore, 3-D numerical simulations were successfully 
carried out in Sentaurus TCAD by Ulzhöfer et al. [18]. 
In this work, we present a silicon solar cell scheme conceived on the basis of the Emitter Wrap Through design, 
and featuring Deep Grooved Base contacts (EWT-DGB). The proposed cell scheme is aimed at preserving the 
advantages of the EWT design pushing this technology towards the CPV. Differently from the common EWT 
scheme, the cell is provided of two arrays of alternatively n-doped and p-doped pass-through holes (also named 
vias), grooved through the silicon wafer by means of a Deep Reactive Ion Etching (DRIE) process following a 
chessboard scheme (Fig. 1). Moreover, the distance among the n-doped holes is reduced down to tens of microns and 
the vias diameter is scaled down to 12 μm. In this way, the n-holes pass through the p-type silicon wafer and form an 
effective vertical p-n junction.  
Since n-holes pitch is much smaller than wafer thickness, an enhancement of collection efficiency is awaited in 
the EWT-DGB cells and a reduced parasitic resistance in the substrate is attended, providing an increase in Fill 
Factor (FF). This feature is particularly interesting for both 1-sun and CPV applications (where extremely high 
currents flow through the cell). 
EWT-DGB cells with different hole spacing have been fabricated by using thick substrates (280 ȝm) with low 
lifetime (about 60 ȝs) and have been studied in this work. The relatively high substrate thickness is chosen in order 
to permit the carrier collection in the entire spectrum, especially in its red portion, as successfully demonstrated by 
the External Quantum Efficiency (EQE) analysis. Regarding the lifetime, the adoption of this substrate of medium-
quality is ascribed to the fact that our purpose is to design an architecture which reduces the sensitivity to the 
substrate quality. In fact, as discussed in this paper, the proposed EWT-DGB approach results in several advantages 
respect to a conventional PESC solar cell realized by adopting both the same fabrication process and silicon 
substrate [19]. 
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Fig. 2. (a) Scheme (not in scale) of the vertical section of the EWT-DGB solar cell ; (b) sketch of the considered 3-D simulation domain, where hS 
denotes the distance between the n- and p-hole second picture. 
The first produced prototypes of EWT-DGB solar cells, featuring conversion efficiency approaching 19% and Fill 
Factor of 80% at 1-sun, are accurately described in this paper. In addition, numerical simulations by a Technology 
Computer Aided Design (TCAD) tool have been performed to reproduce the measured data to study the sensitivity 
of the main FOMs on critical process-dependent physical parameters. 
The paper is organized as follows. In section 2 we describe in detail the cell design and the main steps of the 
fabrication process. In section 3 we outline the numerical simulation methodology and the physical models adopted 
to reproduce the measured data. Lastly, in section 4, we discuss both the experimental and simulated results in terms 
of dark J-V characteristics and characterization under 1-sun illumination. Moreover, the impact of a geometrical 
parameter such as the hole spacing and of other critical process-dependent physical parameters are investigated by 
means of numerical simulations.  
2. Cell design and fabrication process 
The first cell prototypes, featuring an active area of 16 mm2, have been manufactured in a CMOS like pilot line. 
The studied device is fabricated on a 280 ȝm-thick p-type mono-crystalline silicon wafer with a resistivity of 0.5 
ȍcm. The vias array, which feature  diameter of 12 ȝm, is defined by means of photolithography and etched with a 
Bosch process by using a Deep Recative Ion Etching (DRIE) equipment [19]. The holes are alternatively doped with 
phosphorous (n-hole, 15 ȍ/sq) and boron (p-hole, 140 ȍ/sq) by means of two different solid source diffusions. The 
n-holes pass through the cell substrate and wrap the front surface emitter to n++-doped region on the back surface. 
The 260 ȝm-deep p-doped holes are contacted to the back p-doped region (Fig. 2a). The front surface is textured by 
random pyramids and phosphorous doped (80 ȍ/sq). A protective SiO2 layer is thermally grown on the holes surface 
and on the textured surface, where acts as both passivating layer and anti-reflective coating. The leayout features 
two separated p++ and n++ doped regions on the back surface,. The emitter and base contacts were opened on these 
high-doped regions by means of a photolithographic step followed by a dry RIE etching,and an interdigitated metal 
grid leads the signal to two lateral busbar, used to contact the cell to its package.  
Three different cell prototypes, which differ in terms of hole spacing hS (the distance between n- and p-doped 
holes), have been realized: hS = 43 μm, 50 μm and 78 μm. In order to characterize the samples, the cells have been 
packaged with silver loaded conductive epoxy adhesive onto a printed circuit boards appositely designed to perform 
four-probe measurements. 
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3. Simulation methodology 
3-D numerical simulations are performed on a simulation domain chosen by exploiting the symmetry of the 
structure (Fig. 1a). In Fig. 2b we report a 3-D sketch of the considered EWT-DGB cell. Three different cells are 
modelled, with different hole spacing hS (43 μm, 50 μm and 78 μm, respectively). The adopted substrate resistivity 
ȡS is 0.5 ȍcm and the measured minority charge carrier lifetime is 62 μs. Doping profiles of emitter and doped 
regions on the back are opportunely defined in order to reproduce the experimental sheet resistance values. The 
sheet resistance values of doped regions as well as the assigned surface recombination velocity (SRV) values at the 
various interfaces are reported in Table 1. 
Table 1. Physical parameters adopted in the simulations. 
Parameter Unit Value 
Front emitter sheet resistance ȍ/sq 80 
p-hole sheet resistance ȍ/sq 140 
n-hole sheet resistance ȍ/sq 15 
Front Emitter Region/SiO2 interface SRV cm/s 5.8ǜ103 [20] 
Substrate/SiO2 interface SRV cm/s 5.8ǜ103 [20] 
Back p-doped region/SiO2 interface SRV cm/s 103 [20] 
Back n-doped region/SiO2 interface SRV cm/s 3ǜ104 [20] 
3.1. Calibration process 
Numerical simulations are performed by means of a TCAD mixed-mode device simulator [21] where the solar 
cell is included in an electrical circuit, which directly takes into account for the shunt resistance (RSH) and the series 
resistance (Rs). These parameters are extracted from the fitting of the measured dark J-V characteristics by adopting 
an equivalent electric circuit composed by three diodes (D1, D2 and D3 with ideality factor of 1, 2 and 1.3, 
respectively, and saturation current densities J01, J02 and J03), in addition to RSH and Rs [22]. 
The saturation current densities values of the equivalent electrical circuit adopted for the fitting of the measured 
dark J-V characteristics (shown in Fig. 3) are reported in Table 2.  
Table 2. Saturation current densities values of the adopted equivalent electrical 
model used for the fitting of the measured dark J-V characteristics 
hS (μm) J01 (A/cm2) J02 (A/cm2) J03 (A/cm2)  
43 1.7ǜ10-12 4ǜ10-8 7ǜ10-10 
50 1.7ǜ10-12 1ǜ10-7 5ǜ10-10 
78 9.6ǜ10-13 4ǜ10-8 3ǜ10-10 
 
The calibration process is aimed at obtaining a satisfactory fitting between the simulated dark J-V characteristic 
with the experimental one, for the sample with hS = 50 μm case. In this regard, we have tuned the SRV at holes 
internal surfaces (basically to reproduce the saturation current density J01 associated to diode D1) and the carrier 
lifetime value in a region around the n-type doped hole (n-hole region). This region is few μm-deep and also 
includes the depletion region of the n+-p junction. The n-hole region is representative of a portion of device volume 
where a high concentration of defects is localized, mainly due to the deep etching process used to fabricate holes. 
The effective charge carrier lifetime value in such region is a tuning parameter used to reproduce the experimental 
value of the saturation current densities of diode D2 and diode D3 (J02 and J03, respectively). It is worth noting that 
VOC is highly affected by the recombination losses ascribed to the n-hole region, as discussed in section 4. 
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Fig. 3. (a) Measured dark J-V characteristics for three different hole spacing hS: 43 μm, 50 μm and 78 μm and simulated dark J-V characteristic 
(red dotted line) in case of hS = 50 μm; (b) Comparison of the J01 region-wise contributions at region level in case of hS = 50 μm and hS = 78 μm. 
Summarizing, in addition to the physical parameter values reported in Table 1, in the simulations of the hS = 50 
μm geometry we have adopted a SRV value at holes internal surfaces of 4·104 cm/s and a n-hole region lifetime of 
0.18 μs to satisfactory reproduce the experimental dark J-V characteristics as reported in Fig. 3a.  
3.2. Physical models 
TCAD device simulations [21] are performed by considering the parameters of physical models already 
successfully adopted in [23-34], based on the reviews on numerical device simulation for crystalline silicon solar 
cells [20,35]. In detail, Fermi–Dirac statistics is assumed and, in order to account for the revised value of the 
intrinsic carrier density well accepted in photovoltaic community (ni = 9.65ǜ109 cm-, the Bandgap narrowing model 
(BGN) proposed by Schenk [36,37] is used. The model proposed by Klaassen [38,39] is adopted to account for the 
doping dependent carrier mobility. Auger and radiative recombination models are parameterized according to 
Dziewior and Schmid [40] and Trupke [41], respectively. Moreover, we take into account for Shockley–Read–Hall 
(SRH) recombination losses and the parameters for degraded boron-doped FZ-Si are chosen according to [42]. 
The spatially resolved optical generation rate profile was calculated by a raytracer tool considering the internal 
bottom reflectivity at different material stacks at the back interface (Fig. 2a). A Phong diffusive boundary condition 
is adopted to model the typical roughness in such material stacks [43]. 
4. Results and discussion 
4.1. Dark analysis 
The adopted values of physical parameters discussed in the section 3 allow us to satisfactory reproduce, by means 
of numerical simulation, the measured dark J-V characteristic of the EWT-DGB cell featuring hS of 50 μm, as can 
be observed in Fig. 3a (where the measured curves in case of two different hS, 43 μm and 78 μm, are also reported).  
From Table 2 we observe that higher hole spacing (78 μm) leads to lower recombination losses described by the 
J01 contributions with respect to hS = 50 μm, while by reducing hS to 43 μm significant differences are not 
appreciable. In this regard, by starting from the same physical parameters successfully tuned for the hS = 50 μm cell, 
we have carried out numerical simulations under dark condition of other two EWT-DGB cells featuring hS of 43 μm 
and 78 μm, respectively. As expected, simulations do not show any difference in terms of recombination losses 
between the two smaller hole spacing 43 μm and 50 μm. On the contrary, simulations confirm that, by increasing 
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the hole spacing up to 78 μm, the J01 contribution significantly decreases. In detail, this reduction is ascribed to the 
lowering of recombination losses in the substrate and in both holes’ regions as illustrated in Fig. 3b. 
It is worth noting that, as reported in Table 2 and as shown in Fig. 3a, the total dark current density at low-voltage 
bias (<0.5 V) is not strictly related to the hole spacing. As a matter of fact, the dark J-V characteristic at relatively 
low bias is dominated by recombination in the n-hole region which are affected by etching process conditions. In 
order to reproduce the measured dark J-V characteristics, the n-hole region effective lifetime is therefore finely 
tuned. 
4.2. 1-sun characterization 
Table 3 reports the measured FOMs of the three fabricated  EWT-DGB cells (hS = 43 μm , 50 μm and 78 μm). In 
addition, the results of the simulation under 1-sun illumination are also shown for the corresponding different 
geometries, obtained by adopting the physical models used for the dark J-V characteristic fitting of the hS = 50 μm 
case (section 3). 
Regarding measured FOMs, the JSC is approximately 40 mA/cm2 thanks to the absence of metallization pattern on 
the front surface and to the high quantum efficiency, as shown in the following. The VOC is equal to 595 mV in case 
of hS = 78 μm and it decreases down to 575 mV by reducing the hole spacing, as predicted by simulations. This 
reduction in VOC can be explained in terms of J01 reduction (see subsection 4.1) and of recombination losses in the 
region around n-holes (n-hole region) described by diode D3 of the equivalent circuital model (Table 2). The 
conversion efficiency is in the range of 18.1 % – 18.6 % for all the samples, even though simulations suggest an 
higher efficiency for the samples with larger hS. The resulting performance in terms of efficiency are in any case 
lower than those reported in other works of the state-of-the-art silicon solar cells. In terms of FF, the n-hole region 
(J02 contribution, Table 2) limits the FF in case of hS = 50 μm while for the hS = 43 μm and hS = 78 μm cases, for 
which J02 is comparable, we observe higher FF. Both experimental data and simulations show that samples with 
higher hole spacing have better overall performance. On the other hand, cells with lower hS could be preferred under 
concentrated light, where the parasitic resistance of the substrate limits the conversion efficiency. 
By analysing the simulated FOMs we note that in the case hS = 50 μm simulations are in agreement with the 
experimental data within the considered uncertainties. As discussed in subsection 4.1, in order to obtain a 
satisfactory FOMs fitting (especially in terms of FF) also for hS = 43 μm and hS = 78 μm cases, a further fine tuning 
of the n-hole region lifetime is required to take into account for the samples variability of the defects occurring in 
that region. 
 
Table 3. Measured and simulated FOMs of the considered EWT-DGB solar cells for the three different hole spacing hS 
considered in this study. The relative uncertainties of experimental values are indicated in the brackets. 
hS (μm)  VOC (mV) JSC (mA/cm2) FF (%) Efficiency (%) 
43 
Measured 575 (1%) 38.9 (2%) 81.1 (5%) 18.1 (5%) 
Simulated 575 39.9 80.5 18.5 
50 
Measured 582 (1%) 40.1 (2%) 79.6 (5%) 18.6 (5%) 
Simulated 578 40.2 79.7 18.6 
78 
Measured 597 (1%) 38.5 (2%) 80.4 (5%) 18.5 (5%) 
Simulated 595 40.7 81.3 19.5 
4.3. External and internal quantum efficiency 
The experimental and simulated external quantum efficiency (EQE) characteristics are shown in Fig. 4a where 
the data of the hS = 50 μm case are considered. As comparison, the EQE curve of a conventional PESC cell [19], 
with same physical dimensions, fabricated on the same silicon substrate and by using a similar technological 
process, is reported in the figure and used as reference.  
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Fig. 4. (a) Simulated and measured external quantum efficiency (EQE) with the corresponding bounds of the experimental uncertainty (light blue 
dashed lines) of the EWT-DGB solar cell featuring hole spacing hS of 50 μm. Measured EQE of a PESC cell [19] is also illustrated; (b) Simulated 
Internal Quantum Efficiency (IQE) of the EWT-DGB solar cell (hS = 50 μm) and of the PESC cell [19]. 
It is worth noting the higher EQE of the EWT-DGB structure (in particular in the IR portion of the spectrum) 
with respect to the PESC cell. This enhancement can be explained by: i) higher optical absorption in the whole 
spectrum due to suppression of the front metal grid, and ii) the further enhancement in the IR portion of the 
spectrum due to the better collection properties of the vertical junction as confirmed by the analysis of the simulated 
Internal Quantum Efficiency (IQE) (Fig. 4b). 
4.4. Impact of interfacial defects on FOMs 
Numerical simulations have been exploited to investigate the effect of interfacial defects on the cell FOMs. We 
account for such defects by imposing a surface recombination velocity (surface SRH model) at each interface 
including front, back passivated and holes interfaces. In this study we consider only the case of hS = 50 μm. 
 
 
Fig. 5. (a) Simulated values of Figure of Merit (FOMs) the considered EWT-DGB solar cell (hole spacing hS = 50 μm) versus Surface 
Recombination Velocity (SRV) at back passivated interface; (b) Simulated values of Figure of Merit (FOMs) the considered EWT-DGB solar 
cell (hole spacing hS = 50 μm) versus Surface Recombination Velocity (SRV) at front interface. The black dashed lines denotes the SRV values 
used for the simulation of the baseline cell (hS = 50 μm) which reproduce the experimental data.  
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Fig. 6. (a) Simulated values of Figure of Merit (FOMs) the considered EWT-DGB solar cell (hole spacing hS = 50 μm) versus Surface 
Recombination Velocity (SRV) at p- and n-hole interface. The black dashed lines denotes the SRV values used for the simulation of the baseline 
cell (hS = 50 μm) which reproduce the experimental data. 
Fig. 5 shows the impact of the SRV of the cell front interface and of the back passivated interface on FOMs while 
Fig. 6 illustrates the impact of the SRV of the hole surfaces. A negligible impact in terms of JSC and FF has been 
observed except for the case of the front SRV where JSC variations justify the efficiency trend. Moreover, holes SRV 
significantly affects VOC and then the efficiency. It is worth noting that a simultaneous reduction of the studied 
(front, back and hole interfaces) SRVs down to 103 cm/s leads to an efficiency increase up to 19 %abs. 
5. Conclusions 
In this work we have proposed a new cell concept based on EWT scheme (Deep Grooved Base contact solar cell, 
EWT-DGB) where an high density hole matrix arranged in two alternating doping type (p and n) is fabricated by 
means of deep reactive-ion etching technique. In particular, n-holes pass through the cell substrate and wrap the 
front surface emitter to the back surface, while the p-holes act as collecting electrodes, allowing a reduction of the 
resistive losses due to the substrate, feature particularly important for CPV applications. Thick substrates with low 
lifetime (about 60 ȝs) are used to produce cells approaching 19% efficiency and Fill Factor of 80% under 1-sun 
illumination and ensuring an efficient photon absorption within the spectrum from UV to IR. Starting from 
experimental data we have performed 3-D numerical simulations which allow to reproduce the measured dark J-V 
characteristic and the figures of merit under illuminated conditions of an EWT-DGB with distance between two 
holes differently doped (hole spacing) of 50 μm. The calculated External Quantum Efficiency is compared to the 
measured one and a matching within the adopted experimental uncertainty is obtained. The EQE curve confirms the 
advantages of this design in terms of carries collection especially in the red portion of the spectrum. Numerical 
simulations are also exploited to analyse the impact on figures of merits of the hole spacing and to compare the 
simulated trends with the measured ones. We conclude that higher hole spacing leads to higher VOC. Lastly, a 
simulation study aimed at investigating the impact on performance of some interfacial defects is carried out. The 
analysis shows that reduction of the studied SRV down to 103 cm/s will lead an efficiency increase up to 19 %abs. 
References 
[1] M.A. Green, K. Emery, Y. Hishikawa, W. Warta and E.D. Dunlop, Solar cell efficiency tables (Version 45). Progr. Photovoltaics: Res. Appl. 
2015;23:1-9. 
[2] E. Van Kerschaver and G. Beaucarne, Back-contact Solar Cells: A Review. Progr. Photovoltaics: Res. Appl. 2006;14:107–123. 
[3] A. Luque and V. Andreev, “Concentrator Photovoltaics”, Springer-Verlag, 2007. 
[4] J.M. Gee, W.K. Schubert, and P.A. Basore, Emitter Wrap-Through solar cell. 23rd  IEEE PVSC, Louisville, KY, May 1993 
[5] J.M. Gee, P. Kumar, J. Howarth, T. Schroeder, J. Franklin, J. Dominguez and D. Tanner, Development of industrial high-efficiency back-
contact czochralski-silicon solar cells. Prog. Photovoltaics: Res. Appl. 2011;19:887–893. 
168   Massimo Nicolai et al. /  Energy Procedia  92 ( 2016 )  160 – 169 
[6] N. Mingirulli, D. Stüwe, J. Specht, A. Fallisch, and D. Biro, Screen-printed Emitter-Wrap-Through solar cell with single step side selective 
emitter with 18.8% efficiency. Progr. Photovoltaics: Res. Appl. 2011;19:366-374. 
[7] S. Hermann, A. Merkle, C. Ulzhöfer, S. Dorn, I. Feilhaber, M. Berger, T. Friedrich, T. Brendemühl, N.-P. Harder, L. Ehlers, K. Weise, R. 
Meyer, and R. Brendel, Progress in emitter wrap-through solar cell fabrication on boron doped Czochralski-grown silicon. Sol. Energy Mater. 
Sol. Cells 2011;95:1069-1075. 
[8] F. Kiefer, C. Ulzhofer, T. Brendemuhl, N.P. Harder, R. Brendel, V. Mertens, S. Bordihn, C. Peters and J.W. Müller, High Efficiency N-type 
Emitter-Wrap-Through Silicon Solar Cells. IEEE J. Photovoltaics 2011;1:49-53. 
[9] K. Faika, M. Wagner, P. Fath and E. Bucher, Simplification of EWT (emitter wrap-through) solar cell fabrication using Al-P-codiffusion. 28th 
Photovoltaic Spec. Conf. 2000; 260 – 263 
[10] N.P. Harder, S. Hermann, A. Merkle, T. Neubert, T. Brendemühl, P. Engelhart, R. Meyer and R. Brendel, Laser-processed high-efficiency 
silicon RISE-EWT solar cells and characterization. Phys. Status Solidi C 2009;6:736–743. 
[11] J. Cho, H. Lee, D. Hyun, Y. Lee, W. Jung and J. Hong, Efficiency enhanced emitter wrap-through (EWT) screen-printed solar cells with 
non-uniform thickness of silicon nitride passivation layer in via-holes. Sol. Energy 2013;90:188–194. 
[12] C. Ulzhöfer, S. Hermann, N.-P. Harder, P. P. Altermatt and R. Brendel, The origin of reduced fill factors of emitter-wrap-through-solar cells. 
Phys. status solidi RRL 2008;2:251–253. 
[13] D.D. Smith, J.M. Gee, M.D. Bode, and J.C. Jimeno, Circuit Modeling of the Emitter-Wrap-Through Solar Cell. IEEE Trans. Electron 
Devices 1999;46:1993-1999. 
[14] A. Fallisch and D. Biro, 2-D SPICE Simulation and Analytical Calculation of Spreading Resistance Effects in Emitter Wrap-Through Cells 
With Nonsquare Via-Hole Pattern. IEEE J. Photovoltaics 2011;1:153-158. 
[15] B. Benabadji and A. Zerga, Optimal design of buried emitter of EWT silicon solar cells type by numerical simulation. Energy Procedia 
2014;44:126 – 131. 
[16] M.M. Hilali, P. Hacke and J.M. Gee, Two-Dimensional Modeling of EWT Multicrystalline Silicon Solar Cells and Comparison with the IBC 
Solar Cell. IEEE 4th WCPEC 2006, 1299-1303. 
[17] A.H.Md. Ripon, A.A. Siddique, Sk.Md.G. Mustafa, A.B.M.R. Sazzad, Efficiency enhancement of solar cell: Fusion of texturisation and 
back contact Emitter-Wrap-Through modeling. ICDCS  2012, 264–267. 
[18] C. Ulzhöfer, P.P. Altermatt, N.-P. Harder, and R. Brendel, Loss analysis of emitter-wrap-through silicon solar cells by means of experiment 
and three-dimensional device modeling. J. Appl. Phys. 2010;107:104509. 
[19] G. Paternoster, M. Zanuccoli, P. Bellutti, L. Ferrario, F. Ficorella, C. Fiegna, P. Magnone, F. Mattedi and E. Sangiorgi, Fabrication, 
characterization and modeling of a silicon solar cell optimized for concentrated photovoltaic applications. Sol. Energy Mater. Sol. Cells 
2015;134:407-416. 
[20] P. Altermatt, Models for numerical device simulations of crystalline silicon solar cells-A review. J. Comput. Electron.,2011;10:314–330. 
[21] Sentaurus TCAD, Release J-2014.09, Synopsys, Zürich, Switzerland. 
[22] V. Khanna, B.K. Das, D. Bisht, Vandana, and P.K. Singh, A three diode model for industrial solar cells and estimation of solar cell 
parameters using PSO algorithm. Renew. Energ. 2015;78:105-113. 
[23] H. Steinkemper, F. Feldmann, M. Bivour, and M. Hermle, Numerical Simulation of Carrier-Selective Electron Contacts Featuring Tunnel 
Oxides. IEEE J. Photovoltaics 2015;5:1348-1356. 
[24] A. Fell, K.R. McIntosh, and K.C. Fong, Simplified Device Simulation of Silicon Solar Cells Using a Lumped Parameter Optical Model. 
IEEE J. Photovoltaics 2016;6:611-616. 
[25] J.M. López-González, I. Martín, P. Ortega, A. Orpella, and R. Alcubilla, Numerical simulations of rear point-contacted solar cells on 
2.2ȍcm p-type c-Si substrates. Prog. Photovoltaics: Res. Appl. 2015;23:69–77. 
[26] M. Zanuccoli, J. Michallon, I. Semenihin, C. Fiegna, A. Kaminski-Cachopo, E. Sangiorgi and V. Vyurkov, Numerical simulation of vertical 
silicon nanowires based heterojunction solar cells. Energy Procedia 2013; 38: 216-222. 
[27] R. De Rose, M. Zanuccoli, P. Magnone, E. Sangiorgi and C. Fiegna, Open issues for the numerical simulation of silicon solar cells. Proc. 
12th ULIS 2011; 84-87. 
[28] P. Magnone, R. De Rose, D. Tonini, M. Frei, M. Zanuccoli, A. Belli, M. Galiazzo, E. Sangiorgi and C. Fiegna, Numerical simulation on the 
influence of via and rear emitters in MWT solar cells. IEEE J. of Photovoltaics 2014;4:1032–1039. 
[29] M. Nicolai, M. Zanuccoli, P. Magnone, D. Tonini, E. Sangiorgi and C. Fienga, Theoretical study of the impact of rear interface passivation 
on MWT solar cells. J. Comput. Electron. 2015;15:277-286. 
[30] M. Zanuccoli, R. De Rose, P. Magnone, M. Frei, H.W. Guo, M. Agrawal, E. Sangiorgi and C. Fiegna, Numerical simulation and modeling 
of rear point contact solar cells. Proc. 37th IEEE PVSC  2011;1519–1523. 
[31] R. De Rose, M. Zanuccoli, P. Magnone, E. Sangiorgi and C. Fiegna, Loss analysis of silicon solar cells by means of numerical device 
simulation. Proc. 14th ULIS 2013;205-208. 
[32] R. De Rose, K. Van Wichelen, L. Tous, J. Das, F. Dross, C. Fiegna, M. Lanuzza, E. Sangiorgi, A.U. De Castro and M. Zanuccoli, 
Optimization of rear point contact geometry by means of 3-D numerical simulation. Energy Procedia 2012;27:197-202. 
[33] P. Procel, V. Maccaronio, F. Crupi, G. Cocorullo, M. Zanuccoli, P. Magnone and C. Fiegna, Analysis of the impact of doping levels on 
performance of back contact – back junction solar cells. Energy Procedia 2014;55:128-132. 
[34] I. Semenikhin, M. Zanuccoli, M. Benzi, V. Vyurkov, E. Sangiorgi and C. Fiegna, Computational efficient RCWA method for simulation of 
thin film solar cells. Opt. and Quant.Electron 2012;44:149-154. 
[35] A. Fell, K.R. McIntosh, P.P. Altermatt, G.J.M. Janssen, R. Stangl, A. Ho-Baillie, H. Steinkemper, J. Greulich,M. Müller, B. Min, K.C. Fong, 
M. Hermle, I.G. Romijn, and M.D. Abbott, Input Parameters for the Simulation of Silicon Solar Cells in 2014. IEEE J. Photovoltaics 
2014;5:1250-1263. 
[36] A. Schenk, Finite-temperature full random-phase approximation model of band gap narrowing for silicon device simulation. J. Appl. Phys. 
1998;84:3684–3695. 
 Massimo Nicolai et al. /  Energy Procedia  92 ( 2016 )  160 – 169 169
[37] P.P. Altermatt, A. Schenk, F. Geelhaar, and G. Heiser, Reassessment of the intrinsic carrier density in crystalline silicon in view on band-gap 
narrowing.  J. Appl. Phys. 2003;93:1598-1604. 
[38] D. Klaassen, A unified mobility model for device simulation: I. Model equations and concentration dependence. Solid-State Electron.  
1992;35:953–959. 
[39] D. Klaassen, A unified mobility model for device simulation: II. Temperature dependence of carrier mobility and lifetime. Solid-State 
Electron. 1992; 35: 961–972. 
[40] J. Dziewior and W. Schmid, Auger coefficients for highly doped and highly exited silicon. Appl. Phys. Lett. 1977;31:346-348. 
[41] T. Trupke, M.A. Green, P. Würfel, P.P. Altermatt, A. Wang, J. Zhao and R. Corkish, Temperature dependence of the radiative 
recombination coefficient on intrinsic crystalline silicon. J. Appl. Phys., 2003;93:1598-1604. 
[42] S. Glunz, S. Rein, J. Lee, and W. Warta, Minority carrier lifetime degradation in boron-doped Czochralski silicon. J. Appl. Phys., 
2001;90:2397–2404. 
[43] Phong, B.T., Illumination of computer generated pictures. Commun. ACM, 1975; 18:311-317. 
 
